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A n  investigation was conducted t o  develop a high-combustion- 
efficiency  turbojet combustor having pressure  losses  typical of those 
encountered i n  current  turbojet  engines. 'Be investigation  uti l ized 
(1) a previously developed  25.5-hch-diameter annul= c d u s t o r  with sat- 
isfactory  pressure  losses  but low conibustion efficiencies and (2) design 
principles  evolved from t e s t s  in  a combustor with  high  pressure loss and 
high combustion efficiency. Propane fue l  was used to  simulate  vaporized 
je t   fue l ;   the  combustor design  did  not  incorporate a vaporizer. A t o t a l  
of 13 air-entry  hole  modifications was investigated t o  obtain a cambus- 
t o r  design that gave high  cqnibustion efficiencies and a sat isfactory 
outlet  radial  temperature  profile. The following resu l t s  were obtained 
f o r  simulated  flight  operation of a  current  turbo  jet  engine w i t h  a com- 

of rated speed (cruise) .  
c pression  ratio of 5.2 operatzlng a t  a Mach  mmiber of 0.6 and 85 percent 

- The codustor  giving  the  highest combuation efficiencies ( m o d e l  
281) produced efficiencies above 95 percent a t  a l t i tudes up to 7 1  ,500 
f e e t  with a combustor total-pressure loss of 4 t o  6 percent of the 
combustor-inlet total   pressure.  A t  56,000 fee t   the  air mass-flow r a t e  
was increased 69 percent, and no appreciable  effect on canibustion e f f i -  
ciencies was noted; however, the  combustor-inlet  total-pressure loss in- 
creased t o  ILL €0 15 percent of the combustor total   pressure.  The 
conibustor-outlet  radial  temperature  profne was in general  satisfactory. 

The results obtained  indicate that combustor pressure  losses i n  
excess of 14 reference dynamic heads are  not  required  to produce the 
air-flow  patterns and turbulence  necessary  for  high canibustion effi- 
ciency. It was, however, much m r e   d i f f i c u l t  t o  control the   coaustor-  
ou t le t   t eqera ture   p rof i le   to   the   des i red   pa t te rn  Fn the reduced- 
pressure-drq combustor than i n  high-pressure-drop  combustors. 

INTRODUCTION 

- As part  of a  general  research program t o  improve turbojet  conibustor 
performance, an bves t lga t ion  w a s  conducted a t  the NACA Lewis laboratory 
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wltE an annular combustor conibining design features to  obtain high com- 
bustion  efficiency, reduced pressure lasses, and a satisfactory  outlet  
radial  temperature prof i le .  

n 

It is shown in  reference 1 that high-altitude performance of an 
annular experimental combustor is better with a vapor-fuel  injection s p -  
tem than with a conventionkl  liquid-f'uel  injection system. The high- 
combustion-efficiency combustor (model 141) developed w i t b  vapor fueL 
(ref. 2)  produced a total-pressure loss  of 7.7 t o  11.5 percent of the 
combustor-inlet total   pressure.  A t  the present  time a total-pressure 
l o s s  of 4 t o  6 percent. is typical in production-model turbojet combus- 
tors .  The experimental combustor was redesigned in the investigation re- 
ported in  reference 2 t o  obtain a presag-e losg .of 4 .  t o  7.5 percen-t . 

(model 151). Although the combustiorr efficiency was reduced as a r e su l t  
of the  design change, the data indicate that the  injection of additional 
a i r  into  the primary zone  would increase  the combustion efficiency of 
model XI. . .  
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Since a reduction in the  pressure losses wfthin the combustor w i l l  
result   in  higher over-all cycle eff ictency,' the object of the. inveetiga- 
tion  reported  herein iB. t o  develap a combustor conibinlng high combus- 
tion e f f i c l a c i e s  of model 141 w i t h  the lower pressure  losses of model 
151. The design  techniques employed included (1) alterations o f  the  air- 
entry  holes near the upstream end of  model E T  combustor liner i n  order 
t o  admit more a i r  into the primary zone,  and (2). limited modification -In 
the distribution o f t h e  remaining sir t o  provide a satisfactory  outlet  
radial  temperature  profile. . . . . . . . . . .  
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'Ilhe investigation was conducted in  a cme-quarter segment of a 25.5- 
inch-dimeter mdar turbojet  combustor e t a l l e d  Fn a direct-connect 
duct. In order to  obtain  data  representative of the performance of the 
combustor with a fuel  vaporiwr install.ed, gaseoua propane f u e l  was used 
throughout the investigation, on t h e  assumption that the basic cambustion 
properties of  propane (e.g., flame speed and ignition  energy) were suffi- 
c ient ly  like those of vaporized J e t   f u e l   t o  make this substitution. A 
t o t a l  o f -  13 combustor air-entry  hole  patterns W&B investigated. The 
operating  conditions  included low inlet -a i r  pressures with air-flow rates 
typical cf current engine design  practice and 69 percent above current 
practice. Data presented  include  .combustion  efficiencies, combuator- 
out le t  temperature profiles,  and pressure  losses over a range of fuel- 
air  ra t ios .  The- performance data are compared with similar data fo r  the 
combustors of reference 2 .  The f i n a l  'combustor performance is presented 
i n  terms of simulated f l i g h t  operation in a cwrent  low-preesure-ratio 
turbo jet  engine 

" "  . . "  . .  . 
- " . ." 
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APPARATUS 

Installation 

The combustor ins ta l la t ion   ( f ig .  1) was similar t o  that of refer- 
ence 1. The combustor-inlet  and  combustor-outlet  ducts w e r e  connected 
to  the  laboratory air supply  and  low-pressure  exhaust systems, respec- 
t ively.  A i r - f l a w  rates and combustor pressures were regulated  by remote- 

0 
CEI controlled  valves  located upstream  and downstream of the combustor. The 

8 desired  combustor-inlet air  temperature w a s  obtained  by means o f  an 
e l ec t r i c  a i r  preheater . 

Instrumentat  ion 

* 

.. 

A i r  flow was metered by a concentric-hole,  sharp-edge  orifice  in- 
stalled according t o  A.S.M.E. specifications. The vapor fuel-flow rate 
was metered by a calibrated  sharp-edge  orifice. Thermocouples and  pres- 
sure tubes were located a t  the combustor-inlet and out le t   s ta t ions indi- 
cated in figure 1. The nmber, type, and position of these  !nstrments 
at each of the three s ta t ions are indicated in figure 2. The cmbustor- 
out le t  thermocouples and outlet  total-pressure  probes were located at 
centers of equal  areas in the  duct. Manifolded  upstream total-pressure 
probes (s ta t ion 1) and damstream static-pressure  probes  (station 3) w e r e  
connected to  absolute manometers; individual downstream to ta l -  and 
static-pressure probes were connected t o  b a d  of d i f fe ren t ia l  manom- 
e te rs .  m he chromel-ahme1  thermocouples (s ta t ion 2)  were connected t o  a 
self-balancing  recording  potentiometer. 

The fue l  used In this  investigation was vaporized commercial  propane 
supplied from the  laboratory  distribution  system. 

Combustors 

A t o t a l  of 13 combustor configurations was investigated. Each com- 
bustor  consisted of a one-quarter segment (goo)  of a single-annul- com- 
bustor  having an outside  diamzter of 25.5 inches, an  inside diameter of 
10.6 inches,  and a length from f u e l  injectprs t o  combustor-outlet  ther- 
mocouples (s ta t ion 2) of approximately 25 inches. The m a x i m u m  couibustor 
cross-sectional area was 105 square  inches  (corresponding t o  420 sq in. 
for the complete  combustor). A longitudinal  cross-sectional view of the 
combustor is shown Fn figure 3, and a three-quarter cutaway view with the 
final liner configuration in   f i gu re  4. 

m 

Each combustor was given a numerical  designation to   indicate  the 
- liner  configuration,  followed by a letter designating  the  fuel  injector 

design.  Five  equally  spaced  7/64-inch  orifices  (correaponding t o  20 
or i f ices   in  the conqlete  canibustor)  injected  the  propane f u e l  downstrear 
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from the primary zone (injector  modification I, ref. 2 ) .  Additional 
fuel injectors were located between these  injectors  for  the purpose of 
supplying  the  higher f u e l - f  low rates  required fo r  low-altitude  opera- 
t ion.  No provision  for  vaporizing fuel-was incorpora-d in the com- 
bustors. 

Cordbustor design modifications  included  primary-zone  modifications 
to improve the combustion efficiency, in condmction with minor secondary- 
zone modifications to- improve the radFal  outlet-t-emper-atue  profile. {The . .  

upstream half of the:.combustor w i l l  be referred t o  as the   p r imry  zone, 
and.the second half as the  secondary zone:) The coinbustor air-entry M 

hole  configurations are given in figure 5. Each successive  modificaticm 
is shown in heavy sol id  lines, while  the  previous- combuatpr pattern is 
indicated  by dashed l ines .  Line  cross-hatching bd ica t e s  that &21 opening 
w a s  closed. The investigation m a  conducted  with combustor model 151 

. . . . . . . 

. .  . !!I -I 

(from re f .  2 and reproduced in  Pig. 5(a)) as  the  original combustor 
configmat  ion. 

,.. , . .. . . . . .  . .  
. .  

The design  modifications  investigated are l i s t e d  in table I. An 
enlmged vlew of the final combustor (model 281) is shown in  f igure 6. 

Three  performance charac te rh t ics  desired of a turbojet  combusto= 
are a satisfactory  outlet-temperature  profile, a low pressure drop, and 
high cmbustion  efficiency; the combustor design  changes  reported herein 
were made t o  obtain  the  best combination of these  characterFatL2s. Out- 
l e t  radial temperature prof i les  w e r e  varied by  openlng or  closing  the 
secondary air s lo t s  so a s  t o  admit more or less cooling air. 1-8 also 
attempted t o - o b t a h  the mximum possible open hole area t o  reduce pres- 
sure  drop. 

- - .  . . . . "" - . . ". 

Combustion efficiency was controlled  by primary-zone modif icatione . 
AB an a id  in determfning in advasce  the  effect of primary-zone  changes, 
additional a i r  W&E injected  into.  the primary combustion zone through the  
nonoperating fuel injectors. The effect  of additional  primary  air on 
combustion efficiency was noted,  and  subsequent air-entry hole modifica- 
t ions were made accordingly. 

Test Conditions 

Combustion efficiency and colribustor ImtCL-pressure-loss data w e r e  
recorded for a range of fue l -a i r   ra t ios  a t  the fo l l&g  conditions: 
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Test 
total  pressure, condition 
Canibustor-inlet 

pi J 

in. Hg abs 

A 
B 
c 
E 

15 
8 
5 

15 

Combustor-inlet 

erence  engine  at unit area,l ture, Ti, 
altitude in ref- rate  per total  tempera- 
Simulated  flight Air-flow 

W,/&, cruise  speed, 
f t  

~~ 

268 
268 
268 
268 

.714 
3.62 

56,000 
70, OOO 
80, OOO 
56 9 000 

based on maximum  combustor  cross-sectional  -a. 

These  conditions  simulate  operation of the  cordbustor in a reference 
turbojet  engine  with a 5.2 pressure  ratio  operating  at a B c h  nmiber  of 
0.6. The  cruise  speed  of  the  engine was assumed  to be 85 percent  of  the 
rated  rotor  speed.  Test  conditions A through C required  air-flow  rates 
per  unit  cambustor  area  that  are  typical of current  turbojet  engines. 
Test  condition E required  an air-flow rate  that  is 69 percent  above  cur- 
rent  practice. 

Calculations 

Combustion  efficiency  was  computed by the  method of reference 3 as 
the  percentage  ratio of actual t o  theoretical  increase  in  enthalpy from 
the  combustor-inlet  to  the  conibustor-outlet  instrumentation  plane  (sta- 
tion 1 to  station 2) .  The  arithmetic mean of  the 30 outlet  thermocougle 
indications was used  to  obtain  the value of conibustor-outlet  enthalpy f o r  
the  experimental  combustor  configurations. For the final combustor 
(model 281) correction was made for variations in mass flow past  each 
thermocouple  indication of station 2. No corrections  were  made  for  radia- 
t €on or  veloclty  effects on the  thermocouple  indications. 

The  radial  temperature  distribution at the  combustor  outlet was de- 
termined  for an outlet  temperature  rise of approximately l l 8 O o  F, which 
corresponds to the  required value at 100 percent of rated  engine  speed in 
the  reference  turbo  jet  engine at altitudes  above  the  tropopause.  The 
temperature  at  each of five  radial  positions was computed as the  average 
of four  thermocouple  readings‘at  each  position  (see  fig. 2(b) ) .  The  tem- 
perature  rake  at  egch  side wall of the combustor was not included in these 
average  temperatures,  since  the  side wal ls  exert an Fnfluence on the flow 
pattern  and  temperature  profile that would  not  be  present  in a complete 
combustor annulus. 

- The  total-pressure loss was computed  as  the  dimensionless  ratio  of 
the  total-pressure loss to the  combustor  reference  dynamic  pressure and 
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t o   t he  combustor total   pressure.  Combustor reference  velocities were 
computed from the a i r  mass-flow rate, the  combuetor-inlet  density, and 
the maximum combustor cross-sectional  area (105 sq In.). 

RESULTS AND D.ISCUSSIOM 

The experimental  data  obtained with the 1 3 .  combustor configuratiom 
investigated are pre-ted in table  11. A l i s t  of all synibols is pre- 
.sentea in  the appendix. . .  . . . 8 

Kl 
0 

Combustor  Development 

Combustion efficlency. - Combustion efficiency is presenkd in f ig-  
ure 7 over a range of fuel-air r a t io s  at various test-coriditfons f o r  the 
experimental combustor models 161 t o  281. Figure 8 gives a comparison .- 

of the combustion effi-ciencies of the  experimental combustors a t  test 
conditi0n.C for two temperature-rise values (from f ig .  7 ) .  Temperature- 
r i s e  values of 680' and L18Oo F were selected; since they represent tur- 
bine  temperature  requirements of the  reference  turbojet  engine  operating 
above the  tropopause Bt 85 and 100 percent of rated speed,  respectively. 
Model 281 combustor, which w-as selected as the  best  combustor from thie 
$roup, operated a t  the highest c&us.t;ion efficiency at the  higher 
temperature-rise  level ( f i g .  8 ) .  

Combustor-outlet ...t emperature profiles. - In figure 9 the radial t e m -  
perature  profiles  for-several  combustor models are  sham. The origFnal 
configuration, model 151 ( r e f .  21, is included fo r  comparfson. Ln mode& 
231 the Fnner-wall open area had 'been Fnx-eased 25  p e r c e d  and the  outer 
wall area decreased 12 percent from model 151 before  the more symmetrical 
radial.  profile shown in figure 9 was obtained. A further  10-percent  area 
increase in the inner-wall and 8 20-percent  decrease in the  outer wall 
resulted in but slight improvement of the radial temperature prof i le  
(model 261, f i g .  9j . "For- *he . ~ ~ - p r e s e ~ ~ ~ ~ " c ~ ~ o r s u s e d .  in-this-" 
investigation,  the  combustor-outlet  temperature  profile was, therefore, 
re la t ively  insensi t ive  to  changes in the liner air-entry holes. In an 
earlier investigation with combustors having a higher  pressure drop (ref .  
1) , -t;lhe effect  of changes in l b e r  air-entry~o~s-.on.tempe~ture profixe 
was muck  more pronounced. 

- .. 
. .. . 

. 

- 
. .  

. .  - .  

Performance of Model 281 

The following results were obtained with combustor model 281, which 
was considered to have the best performance characterist ics of the con- 
figurat-ions investigated. A comparison of model 281 i s  made with  the - 

previously  developed combmtors of reference 2. - .  
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Combustion efficiency. - In figure l O ( a )  are  presented  the  values of 
combustion efficiency  obtained  with model 281  combustor over a range of 
fuel-air  ratios a t  each of three inlet pressures '(test conditions A, B, 
and C ) .  Similar data are shown i n  figure IO(b) f o r  constant inlet pres- 
sure and the two air-flow rates  investigated. These curves have  been 
corrected  for mass-flow distribution. Shown also,  f o r  comparison, are  
the  corresponding  uncorrected  curves from figure 7. It is  noted  that 
correcting f o r  distribution reduced the computed combustion efficiency. 
Previous  exgerience  (ref. 2) indicates that uneven temperature  profiles 
generally cause erroneously  high  arithmetically  averaged  temperature 
readings. The corrected canibustion eff ic iency  a t   condi t ion A is  observed 
t o  be 102.5 percent. It is believed  that   this  erroneous  result  could  be 
at t r ibuted t o  inaccurate  average  outlet-temperature  determination, t o  
cumulative errors in f u e l  and air metering  systems, o r  both. 

Reproducibil i ty  tests for model 281 were not made; however, duplicate 
data that were recorded a t  test   conditions B and E f o r  model 241 are in- 
dicated  by  solid symbols in figure 7 ( f )  . Data at tes t   condi t ion B were 
obtained  with  the  original model 241 and with a duplicate model 241 re- 
b u i l t  from model 251 combustor.  Duplicate data at  tes t   condi t ion E were 
obtained at   the  beginning and a t  the en& of the test program with  the 
model 241  combustor. The data show an average  deviation of less   than 
3.5 percent.  Since  neither warping of the canibustor l i ne r  nor any 
apparent  changes in alinement  occurred  during  the  entire  experimental 
program, this  reproducibil i ty is believed t o  be  applicable  to model 281. 

In figure l l  combustor model 281 is compared with  the  combustors 
(models 141 and EI) of reference 2 at  tes t   condi t ion C. Model 141  rep- 
resents  the  previously  developed combustor attaining  the  highest  effi- 
ciency a t  severe  operating  conditions. A specialized  vapor-fuel system 
as w e l l  as  primary-zone modifications were incorporated in the  design t o  
obtain  this  performance with vapor fuel;  however, the  pressure loss 
through  the combustor was high. Lower pressure  losses  in model 151 re- 
sulted from al terat ions of the combustor walls of model 1 4 1  so as t o  ob- 
t a in  a larger f low passage  between the   l iner  and combtmtor housing, as  
discussed in  reference 2 .  Although the   ab-ent ry  hole pat tern  for  model 
151 Was similar t o  t ha t  of model 141, the lower pressure loss of model 
151 resulted in a reproportioning of the air; a greater  portion of the 
a i r  entered  the combustor near  the downstream end and  caused the combus- 
t o r  primary zone t o  operate  fuel-rich. The marked decrease i n  efficiency 
with  increase fn fuel-air  r a t i o  shown f o r  m o d e l  151 in figure 11 is typ- 
i ca l  of the performance of combustors having a fuel-rich  primary zone. 
As was pointed  out in reference 2, additional  air-injection Fnto the  pri-  
mary  zone of model 151 combustor improved the combustion efficiency. 
Thirteen combustor modifications were requi red   to   t rans la te   th i s  known 
requirement effect ively ln to  the final combustor design [model 281). 
Figure 11 shows tha t   the  model 281 combustor was developed t o  operate 
with  efficiencies comparable t o  model 141 cmibustor of reference 2. 
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Combustor-outlet  temperature profiles.  - The temperature prof i le  of 
the   f ina l  combustor configuration is sham in figure 1 2 .  The temperatur- 
distribution is considered  acceptable in  that %he individual  temperatures .4 

deviated  by no 
dial   posit ion.  
rather th8.a a t  
indicates  that  
combustor that 
ondary s lo ts .  

m o r e  than ?2Oo0 F from the  desired  temperature a t  any ra- 
!The .maxiunpn tx2mperature, however, occurred a t  60 percent 

the  normally  desired 85 percent of the  blade  height, which 
a moderately  hot  core of exhaust  gas is present in t he  
i a  not  adequately  dtspersed  by  the a i r  entering . .  the  sec- 

Pressure  losses. - The pressure  losses through combustor model281 
are  presented in figure 13. T h e  dimensionless r a t i o  of t he   t o t a l -  
pressure loss t o  the reference dynamic pressure AP/qr is presented as  

a function of the  densi ty   ra t io  pl/pz in f igwe  13(a)   for  model 281 
combustor. The pressure-loss data of cgmbwtor models 141 and 151 are  
included f o r  comparison. T h i s  f igure shows that the  isothermal (no heat 
addition)  pressure loss  w s  50 percent  less in combustor model 281 than 
in  model 141. As was noted  previously,  these models operated  with com- 
parable combustion efficiency. The observed  decrease in pressure loss  
was prinaarily due to .  a redesign of the conibustor walls, as discussed in 
reference 2 .  Model 281, with 16 percent greater air-entry hole area 
than model 151, had a pressure -drop apgroirimately IS percent below that 
of model 151. The isothermal  pressure drop (AP/qr = 14) obtained w i t h  
model 281 compares f'Evorably with current  production-model  combustors. 

The pressure-drop data of figure I3E.a) are replotted in figure U(b) 
to  indicate  the loss  i n  percentage of combustor-inlet total   pressure.  
It is shown that a 4- t o  6-percent  total-pressure loss (due to  heat  addi- 
tion plus  frictional  losses  occurring  through  the combustor) is encoun- 
tered  with  velocities  typical of current  design  practice. As the com- 
bustor air flow is increased t o  69 percenYab-6-e  -conventional  practice, 
the combustor preseui-e losses  increase  .to I" t o  15 percent of the 
combustor-inlet total   pressure.  

- 

Significance of r e s u l t s   t o  engine  performance. - The combustion 
efficiencies of model 281 combustor are plotted in figure 1 4  as a func- 
t ion  of Vr/piTi (ref. 4): The data points were selected from figures 
9 and 10 f o r  two values of combustor temperatire  rise, 6%0° and 1180' F, 
which correspond t o  operation fn the  reference  turbojet  engine at 85 and 
100 percent of rated speed,  respectively. The curves  are drawn through 
the data points  representing  standard combustor velocity  conditions ( test  
conditions A, B. and C); -ever, the data symbols are also  included t o  
indicate  efficiencies a t  the  higher  reference  velocity  (condition E ) .  

. . . . . . . - - . . . . . " . - .. 
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The difference of approximately 3.i percent between the  two curves 1 

of figure 14 indicates that the combustion efficiency remained re la t ive ly  
constant  over  the  range of fuel-air   ratios  required in actual  engine 
operation. 

Figure 15, which presents  the  estimated combustion efficiency of the 
combustor a t  various flight conditions  in  the  reference  turbojet  engine, 
vas obtained from the  correlation  curves of figure 14 by  the method of 
reference 5. The two included data points  indfcate  the  efficlency ob- 
tained at the  equivalent  simulated  operating  conditions. The curves of 
figure 15 show that   the  combustor should be  expected to  operate a t  effi-  
ciencies above 95 percent up t o  an a l t i tude  of 71,500 f ee t  a t  cruise 
(85-percent  rated)  engine speed. 

For the  reference  turbojet  engine,  approximately  0.7-percent  decreas? 
i n  thrust  may be expected  from a 1-percent loss in total   pressure in the 
combustor (assuming constant  efficiency of engine components). Thus, the 
reduction in total-pressure loss f ran  model 141 t o  model 281 would effect 
an increase of 2.5 t o  5.0 percent in thrust in the  reference  turbojet 
engine. 

In the investigation  reported  herein, an annular turbojet combustor 
having a high  efficiency and  conventional pressure losses w a s  developed 
f o r  high-altftude operation  by means of air-entry  hole  modifications. 
The combustor was operated  with  propane t o  simulate vaporized je t  fuel; 
a vaporizer w a s  not  incorporated in the design. In the  following results 
the performance values quoted for  simulated fligbt performaace  correspond 
t o   t h e   f i n a l  combustor design in a current  5.2-pressure-ratio  turbojet 
engine a t  a flight Mach  number of 0.6 : 

1. A combustor (model 281) was developed which combined high corn- 
bustion  efficiency  with  pressure  losses of only 4 t o  6 percent of the 
combustor-inlet total   pressure a t  velocities  representative of current 
engine  design  practice. The combustion efficiency was above 95 percent 
a t  simulated  altitudes up t o  71,500 feet a t  85 percent of ra ted speed. 

2. A t  56,000 feet and  85-percent rated speed, no appreciable  effect 
on combustion efficiency resulted from increasing  the air-flow rate t o  
a value of 69 percent above current  design  practice. A t  the  increased 
velocity, however, the  combustor total-pressure drop was 11 t o  15 percent 
of the  combustor-inlet  total  pressure. 

3. The cabustor-outlet  temperature  profile was generally satFs- 
factory  for .   the   f ind.  combustor des iw .  
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4 .  The  combustor  with a reduced  pressure drop [AP/qr (total-pressure 
loss/reference..dynamic  pressure) = 141 developed  in  this  investigation 
produced  approximately  the.  same  combust  ion. .ef f iciw-c iea as . a  high- 
pressure-drop  combustor (AP/c~,  = ZS) reported previously. 

CONCLUDING KFJMRKS 

Aft-er it  had  been  established  that  additional  air-entry holes near 
the  upstream  end of the  liner  were  required f o r  higher  conbustion  effi- 
ciency, a Mal of 13 sir-entry  hole  rcodifications  were  necessary before  
the  desired.result was achieved.  Therefore,  even  when  general  combustor 
design principles are known, considerable--tailoring  of  minor  design fea- 
tures may be requked in  order  to  exploit  these  principles  correctly. 

It was much  more  difficult to control  the  combustor-outlet-tempera- 
ture profile  t-o  the  desired  pattern in the  reduced-pressure-drop  combus- 
tor than  in  high-pressure-drop combustors. It was s h m  that  combustor 
pressure losses in excess of AP/q, = 14 are  not  required  to  produce the 
air-flow  patterns and turbulence  necessary fcz high combustion  efficiency. 
The possibility of reducing  pressure  losses fwther..belm. AP/qr = 14 
has not  been  investigated. 

Lewis  Flight  Propulsion.  Laboratory 
National  Advisory  Committee  for  Aeronautics 

Cleveland, Ohio, July 29, 1953 

c 
.. 
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APPENDM - SYMBOLS 
The following spfbols are used in this report : 

area, sq ft 

f uel-air rat io, lb/lb 

combustor-inlet total pressure, in. Hg abs 

total-pressure  drop through combustor, in. H g  

static  pressure,  lb/sq ft abs 

dynamic  pressure, in. Eg 

combustor total temperature, "R 

mean temperature rise through combustor, F 

combustor  velocity,  ft/aec 

flow rate,  Ib/sec 

efficiency,  percent 

density,  lb/cu ft 

0 

Subscripts : 

a air 

b  burner 

f fuel 

i W e t  

0 outlet 

r  reference 

1,2,3 instrumentation  stations 
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NACA RM E53G24 - 
WL;E I. - DESIGN  MODIEi’ICA!TIONS 

Esodel 
number 

16 I 

1 7  I 

18 I 

191 

201 

211 

221 

231 

241 

251 

261 

27 I 

281 

Description of change 

Radiation  shield made removable; annular 
space  around radiat ion  shield  set   a t  
two positions, 1/16 and 1/8 in. 

Primary  holes  behind  radiation  shield 
doubled i n  rimer and top secondary 
s l o t s  opened 

Primary  holes  enlarged from ll/64-in. 
diam. t o  3/8-Fn. diam. 

Primary holes  enlarged from 21/64-€n. 
d i m .   t o  5/8-in. diam. 

Continuous  primary inlet-air scoops  adaed; 
model 191 modification  voided 

Radiation-shield  annular  space  sealed 

Radiation-shield ann- space reset and 
d r i l l ed  t o  admit a i r   d i r ec t ly   i n to   p r i -  
mary zone; bottom  secondazy s lo t s  opened 

Primary holes  enlarged from ll/64-in. dim. 

blocked and bottom  secondary slots opened 

Primary holes  enlarged f r o m  ll/64-in. d i m .  

t o  5/16-Fn. dim. ; top secondary s l o t s  

t o  1/4-in.  dim.; bottom  secondary s lo t s  
opened 

Primary  holes  enlarged fram 1/4-in. diam. 
t o  5/16-in. diam. 

Primary  holes  relocated. and top  secondary 
slots blocked 

Primary holes  enlarged from 21/64-h. diam. 
t o  3/8-in. d i m .  

Primazy holes  blocked 

13 

Kodificat  ion 
reference t o  
figure 5 
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TABLE I1 - EXPERIMENTAL RESULTS 

T 
I 

. " 
Combustor 
reference 
velocity, 

vr * 
f t/s ec 

Combustor- 
i n l e t  

Air-flow 

t o t a l  
sate ,  

tempera- lb/8eC 
war 

ture, 
T L L  
OR 

Mean 

sure   eff l -  ature tnr- 
parameter pres- t ion  temper- combus- 
Canbustiol TOW- Cmbue- Mean 

Vr/piTI, out le t  rise ciencg, 
,,&, .fi thraugh q,, thrcugh temper- 
d*- cmbue- percent combus- ature,  

ft l b  drop 

To, tor, tor,  

O R -  AT, 
in .  Xg 
hp, 

I I 

Model 161 *in. -IUS 

5.0 

I 731 0,522 
728 

81.3 

731 
.522 323X10'6 0.30 579 74.8 1310 0.0100 18.8 

199 .M 84.0 609 1340 .00940 28.0 80.6 -829 731 
726 

323 .33 58.4 945 1670 .0222 41.7 80.6 .522 
8 .O 

310 .33 65.4 1052 1780 .0222 U.7  79.4 
323 .33 62.8 1012 1740 .0222 41.7 81.0 

.592 7 28 5.1 
-522 

323 -35 66.0 911 1640 .a187 35.2 81.1 
728 

323 -33 69.3 807 1538 .0155 29.2 8L3 
-522 729 
-522 

323 .30 702 71.3 1430 .0129 2&. 4 81.0 

-826. 79.8 36.3 .0122 1495 769 83.0 .43 199 
727 
726 

-834 
.825. 

80.6 54.6  .Ole2 1795 1068 80.2 .51 EO1 
79.7 70.8 .0238 Zt10 1284  75.7 . 5S  198 

5.0 .. 7 25 

I 
" 

I 729 
725 

729 
731 

733 

720 
732 

716 
724 
727 
729 
722 

0.830 
.525 
.52!3 

.5m- .526 

.525 
* 835 
* 8f0 
.a35 
-832 
-836 
.827 

200x10'6 
324 
325 
325 
324 
324 
201 m 
201 
xx)  
201 
199 

. .  - 

8 . 0  
5.0 

1 
8.0 

80.6 
6l.l 
81. 8 

82.0 
81.7 

80.0 
81.8 

79 .O 
80.4 
80.6 
81.1 
79.5 

"" """ 

U.1 0.00749 
23.6 .a124 
31.0 .0164 

"" """_ "" 

"" 

73.1 

68.4 
69.6 

62.6 
85.8 
8C.3 
83.5 
82.0 
81.0 
82.0 - 

"_ 
0.24 

.28 

.31 

.31 

.35 

.40 

.43 

.48 

.48 

.52 

"" 

37.1 .0196 
19.6 .00652 
32.1 .0107 

44.7 .0149 
38.4 .0127 

5Q.1 .0173 
60.2 . O N 2  

1635 903 
1160 440 
1 4 l O  694 
1530 806 
1640 9 U  

1920 1198 
1760 1031 

L I 

Mdel  1 
I 

"" 

5.0 I 722 1 0.523 1 .  80.4 f 20.210.0107 74.3 
73.4 
72.0 
68.2 
69.6 
53.3 
84.5 
81.2 

0.27 3239x10'6 .25 324 
.29 317 
.31 3z3 
-33 309 
.31 322 
.40 198 
.47 199 

1335 613 
1430 705 
2550 823 
16L5 891 

1590 864 
1835 1113 

1470 746 
1'185 1057 

5 .os 
t 

5.0 
5.1 
5.0 
8.0 

t 

80.9 
80.2 
80.7 
78.6 
80.6 
79.1 
80.1 

.524 

.523 

.523 

* 52s 
.52l 

.a22 

23.8 .0126 
28.7 .0152 
53.2 .0176 

41.6 .022l 
41.5 .0221 

34.3 .0116 
52.9 . a 7 7  

5.0 732 0.521 
.522 
.520 
.52l 
.522 
.522 
-838 
-836 
,841 
.a36 

~~ 

81.2 
80.6 
80.7 
80.2 
80.4 
rn.8 
82.1 
81.1 
81.1 
80.9 

83.8 

" L  " . .. 

20.4 0.0108 
23.5 .Ol25 

34.6 .OM4 
26.5 .0141 

44.7 .0238 
41.9 -0222 

9 28 

1084 
938 * 

791 
950 

1182. 
.- .. 

1660 

1265 
1810 

1520 
1680 
1910 

722 
726 
732 
729 
730 
728 

t 
8.0 
7.95 

8.05 
8 .O 

.u 

Model I I 1195 1 972 0.524 .521 
.523 
.522 
.52l 
-839 
-851 
.846 

80.7 
80.9 
81.2 
81.1 
78..7 
81.2 
82.6 
81.7 

65.5 
70.1 
70 .O 
62.0 
57.4 
60.0 
83.8 
82.0 
. . .  

5.0 

i 
5.1 
8.0 

i 

723 
729 
729 
729 
724 
728 
730 
727 

1256 
901. 

562 
7 25 

1083 
"" . - 

L 
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TABLE 11. - SXPERLMWTAL RESOITS - Continued 

Q) 
0 
N) 
0 

5.0 730 
728 
728 

0.522 
-521 
-522 

81.3 
80.7 
81.2 
81.0 
80.7 
80.6 

20.4 
24.0 

34.9 
27 -4 

34 -4 
24.3 

1.0111 1320 590 
-0128 1410 682 
.Ul46 1460 732 
.0181 1460 755 
-0170 1570 842 
.0081 1260 532 
.0104 1390 666 
.0125 1510 784 
.0145 1630 904 

1 
8.0 

- 522 
-561 
-832 

"-"" 
" "_ - - 

84 .O """" 

HO 

69.9 

102.3 
85 .O 

ll9 -5 
18.1 
25.4 
22.2 
32.2 
32.2 
53.2 
17.8 
19.3 
23.6 
29.8 
34.5 
48.0 
48 -0 
19 .o 
48.7 
28.7 

17.7 

25.4 
30.5 
35.5 
42.6 
42.7 
23.0 

58.3 
28.8 

57.3 
19.5 

- 

21.0 

del 211 
r 

730 
726 
725 
726 
723 
721 
7 26 

726 
730 

722 
722 

722 
724 

726 
7 22 
727 
723 
721 
729 
723 
721 
727 
726 

730 
730 

732 
735 
724 
73 2 

73 2 
725 

734 

2.64 
2.66 
2.66 
2.66 
.522 

-521 
.52l 

. 52 l  

.521 

-531 
. 52 l  

-522 
-521 
.521 
.527 
.520 
-520 
.520 
-830 
-833 
-524 

-524 
* 525 

. 5 2 l  
- 524 
.521 - 523 
-520 
.a23 
.826 
.826 
.a21 

1.0074 

.0107 . ol25 

.0096 

.0136 

.0118 

.0172 
-0172 
-0289 
-0093 
-0102 
-0125 
.0159 
.OM2 
. O S 6  
. O S 6  
-0101 
.0096 
.0162 
.0094 
-0111 
.0134 
-0162 
.om9 
.0227 
.0228 
.0122 
-0096 
.0129 
.0192 
.0066 

.oom 145 

145 
145 

145 
80.2 
79.8 
80 .o 
80 .o 
80 .o 
80 .o 
""" 

""" 

""" 

""" ""- ""_ ""- ""- ""_ 
"" 

""" 

""" 

""d 

""" 

78.7 
""" 

"" 

""" 

81.7 

80.9 
""_ 
""" 

1260 
1365 
1480 
1560 
1255 
1470 
1380 
1SO 
1625 

1300 
1970 

1360 
1455 
1570 
1700 
1780 
1630 

1365 
1330 

17x1 
1320 

1540 
1400 

1635 
1760 
1910 
19 60 

1390 
1470 

1590 
1910 
1173 

15 .O 
15.1 
15.0 
15.1 
5.0 
5.1 
5.1 

t 
5.2 
5.1 
5.5 
5.4 

8 -4 
t 

5.4 

I 
5.14 
5.7 

5.6 
f 

7.88 
8.3 
7.95 
8 .O 

0 

- 
Mvdel 221 

530 
639 

834 
757 

532 
769 
6 s  
810 

121w 
839 

579 
636 
733 
844 

1053 
978 

908 
609 
636 
997 
599 

814 
673 

905 

1178 
1030 

1225 
746 
658 
865 
ll78 
441 

92.3 

92.5 
92.3 

88.9 
71.5 
73.1 
72.6 
63.6 
70.8 

80.2 
62.3 

76.8 
71.1 

57.3 
73.0 

48.9 

85.9 
77.7 

82.4 
83.0 

80.2 
79.2 

75.2 
74.4 
72.3 
75.1 
80.0 
88.4 

84.5 
89  .I 

U . 9  

80.4 

2.16 
2.30 
2.45 
2.55 
"" 

"" 

"" 

"" 

-I- 

"" 

" 

" 

"- 
-" "_ 
" 

I" 

"" 

"" 

"" 

"" 

"" 

"" 

"I 

0.25 
"" 

"" 

"" 

"" 

.37 

.48 "- 
-L 

5.4 

5.4 
5.35 

------- --- 83.9 583 1310 0.00898  18.7 ------ 0.519 727 
730 -518 ---- 21.5 

-------- ---- 90.6  745  1470 .0107 52.4 ----- -837 
------- -- 69.0  1195 1920 -0242 45.1 - -517 

725 8.4 
725 

-I---- ---- 61.5 1073 1800 -0242 45.1 -------- --- 67.8 1175 1900 .OS2 45.1 ---- .517 7 25 
---- -517 727  5.4 

------- --- 71.4 948  1680 -0180 53.5 ---- -517 
---I --- 78.4 828 1560 .0140  26.2 ------ -517 

73 2 5.35 
732 

------- ---- 79.7  700  1430  .0115 

I 
Model. 231 

~ 

726 0.518 I---- 15 6 0.00037  1250 
?a I .517 I ----- I 1911-1  .0102 I 1400 5.4 

5.45 5r 
8.35 
8.08 

8.3 

"_ """" 

"" """" 

"" """" 

"" """" 

"" """" 

""  """ 

"" """_ ---- 196W10-6 "_ """ 

"" """_ 725 

.519 

.514 

.516 

.515 

.516 

.836 

.a38 

.E26 

""" ""_ 
""" 

""" 

"" 

79.50 
"I- ""_ 

"" I " " I  
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TABLE 11. - EXPERIHwllAL RggULTS - Continued = temper-  tion  pree- 
Air-flaw 
rate, 

lb/sec 
W a a  

inlet 

In. Hg 

c 

I I I g*- AT, 
op in. Hg I I I 

Model 231 (continuedl 
. . .. 

"I 

"" 

0.40 

"" 

"" 

"" 

"""" 

187X10-6 
"""" 

"""_ 
"""" 

""" """_ 
""" 

""" 

8.25 
8.3  

728 0.831 ------ 
.838 726 

_ _ _ _ _ _  .e30 725 
151Q 0.01u) 33.0 

38.0 .0127 1625 

725 .82B ------ 50.6  

1845 -0167 159.0 """ 

1770 .0150 143.0 ------ 
2.65 725 
2.64 720 

15.1 
15.15 

1540 .0106 102.0 ------ 
1670 .0129 123.0 """ 2.6C 728 v 

2.86 719 
1435 .Om2 87.5 """ 

15.2  
2.63 7a0 . 

1275 .0074 69.9 ------ 2.61 726 
15.15 
15.3 

1745 . O l e  44.0 77.93 
1865 .0169 I 

782 

94.1 1019 

95.2 

100.9 n 5  
L0l . l  821 . 

94.9 549 
91.1 1140 

94.1 S a 0  

942 96.9 
1050 94.0 
1120 91 .2  

I" 

"" 

"" 

"" 

Model  241 

734 0.523 77 -08 __"_ -_---- 734 
724 .E32 77.17 ----- ------ 724 

0 

722 
0 

-523 _ _ _ _ _ _  
724 .524 ------ 18.5 .OW8 1410 686 

14.8  0.0078 1245 523 

723 .524  77.62  22.6 .0119 1533 810 
724 .5= 
732 .523 

28.7  .0152 1700 976 

726 
77.98  39.5  .0177 1815 1083 

.523 """ 

723 "6 ------ 38.2 . O N 2  1910 1184 

728 
18.6 .a061 1175 452 

730 
78.18  24.7  .0081 -0 612 

728 
.833 ----- 29.8 .0099 1485 755 

730 
77.27  37.4  .0125 1660 932 

722 
-832 ------ 48.2 .a61 1870 1140 
.525 ------ 2 7 . 5  .0145 1600 878 

""" 

.a38 

. a a  

186 
286x10-6 5.3. 

0 .3  
5.2 
5.25 
5 .2  
5.25 
5.25 

t 
8 . 3  

I 
5.3 
5.7 

t 

""I- "-"" 
299 

295 
""- 
"""" _""" 
LB7 

185 
"""" """_ ""- 
"""" 

99.1 

. 

8.3 

726 
726 

22.1  0.0073 1200 472 81.8 ---- -------- ------ 0.834 728 
-829 ------ 
.836 ------ 54.9 -0182 1910 l l 8 4  89.2 --- -------- 32.5 .0109 1490 764 92.1 ---- -I---- 

n d e l  241 (reconstructeu frm 251) 

* 

" 

T 450 
593 
676 
785 
868 
952 
552 

024 
720 

918 
1066 
Llso 
512 
702 

9 74 
855 

1082 
12Q7 
1301 
1382 

573 
887 
m4 
913 

l a 1  
1028 

U S 6  
14Zl 

607 
723 
835 
932 

"" 

1.685 
"" 

" 

"" 

"" 

" 

"" "_ 
" 

"" 

I" "_ 
"" "_ 
"" 

"" 

"_ 
"" 

"- 
" 

"" 

"" 

"" "- 
"" -" 
"" 

"I "_ 
"" "_ 
"" 

"" 

"" "_ 

I 

I 

15.1 
15.1 
15.2 

I 
14.8 
15.0 
15.2 

t 
15.3 

I 
15.2 

t 
15.1 
15.2 
15.2 

i 
15.3 
8 .2  

I 

730 
722 
729 
7 s  

7 28 
722 

7 s  
7 m  
731 
724 
729 
730 
733 
728 
7 3 0  
736 
728 
723 
724 
728 
7 27 
723 
726 

722 
7 27 

724 
7 24 
729 . 
728 
727 

728 
727 

728 
730 
729 

""" 

141.5 
"I" 

""" 

"" 

""" ""_ 
""" 

""" 

"A 

""" 

""" 

""" 

""" 

"" 

""" 

""" 

""" 

""" ""_ ""_ 
""" 

"" 

I"" 

""" ""_ ""_ 
"" 

""" 

"" 

""" 

""" 

""" 

""" 

144.0 ""_ 

.006S 

.OO78 

.0089 

. O Y ) l  
- 0 s  
. 0 1 a  
-0070 . W89 
.0105 

-0139 
.On7 

.0161 

.00664 

.0105 

. 0 8 5 7  

.0123 

.0139 

.01m 

.0176 

.0194 

.a079 

.m34 

.a00 

-0145 
.0123 

.Om7 

.0174 

-0076 
.0230 

. m 5  

.ou2 

.0128 

.0146 

.0178 

.Om8 

.0=9 - 

U.80 
1315 
1405 
1505 
1590 

1m 
1680 

1440 
1555 

1795 
1640 

1910 
1245 
1430 
1585 
1710 
1810 
1930 
2025 

1300 : 
a 1 0  

1410 
1530 
1640 
1750 
1935 
2060 
wa 
W 5  

1560 
w 
1660 
1760 
1890 
2010 
2090 

90.2 
97.2 

101 .o 
98.3 

99.8 
98.0 

104.2 
99.8 

103.7 
102.7 

105.0 
100 .o 

98.6 
106.4 
107.1 

104.6 
105.4 

101.8 
102.9 

98.9 
92.9 

97.2 
95.0 

98.1 . 
95.2 
95.2 
90.0 
87.1 

102.1 

60.5 
74.2 
65.1 
97.1 
109 .o 
Ea3 .Q 

52.2  
65.2 
76 .O 

101 .o 
86.3 

37.2 
46-3 
58 .O 
66.8 

90.1 
78.2 

103.0 
99.3 

24.3 
28.7 

37.9 
33 - 3 

44.0 
53 .4 
82.8 
70.1 
73.0 
91.1 

lO7.0 
122.0 
139 -6 
189.0 
198 .o 
226.0 

~ 1 7  .a 

2. e4 
2.62 
2.64 
2.65 
2.65 
2.63 

2.01 
2.04 

1.99 
2.04 
2.02 
2.02 
1.55 

1.S 
1.56 

1.54 
1.55 
1.56 
1.56 
1.55 

.852 

.851 

.649 

. a51 

.E40 . a49 

.a42 . 845 
2.64 
2.64 
2.65 
2;64 
2.66 
2.63 
2.63 
2.62 

I""" 
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TABLE 11. - EXPERMEHTAI, RgsULTS - COnClUded 
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(a) Inlet thermocouples (iron o o n ~ f a n t a n ) ,  inlet t O t a l - p r e u W U J %  &E, 
and stream statio probe at atation 1. 

@ Thermocouple 
0 Total-pressure rake 

J L Static-pressure orifioe 

(b) Outlet thermocouples (chmmel-alumel) at station 2. 

(c) Outlet etatic- and total-pressure probee at station 3. 

Figure 2. - Looation of combustor inetrumentation. 
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Figure 3. - hngitudinal cross-seotica~al view o f  experimental aombuator. (Dimensions am in Inohee.) 
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(a) Model EI. 
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(b) Model 161. 
t 

Figure 5 .  - Experimental combustor hole pat tern.  
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( c )  Model 171. 

(d) Model 181. 

(e) Model 191. 

Figure 5. - Continued. Experimental ombustor hole patterns. - 



- . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .  

0 0 0 0  

I 

(g) Moa91 221. 
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(h) Model 231. (i) Model 241. 

Figure 5 .  - contima. ~rperimental cambuetm hole patterns. 
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( J )  Model 251. (k) Modal 261. 
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Fuel-air r a t i o ,  f 

(b) Mcdela 171 and 181. 

Figure 7 .  - Cmbuation effiaiency of experimental  cambustar. 
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d ( c )  Modela 191 and 2OT. 

NACA RM E53G24 

Fuel-air r a t i o ,  i 

( d )  Wcdels 211 and 221. 

Figure 7 .  - Continued.  Combustion e f f i c i e n c y  of experimental combustor. 
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Fuel-air ratio, f 

(f) W e 1  241. 

Figure 7 .  - Ccmtlrmed. Caubut lon efficiency or  experimental  cambuntor. 



. . . . . . . . . . . . . . . . . . . 

I 

100 

90 

80 

70 
(g) Models 251,  261, and 271. 

Fuel-air ratio,  P 

(h) Model 281. 

pigpe 7 .  - Concluded. Combustion efficiency of experimental ambustcr. 
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temperature 
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151 161(&)161(;) 171 181 191: 201 2U 221 23I 241 251 261 271 281 
Model nlrmber 

Figure 8. - Comparison of efficiencies of experimental combmtors at teat condition C 
for twu valuee.  of combustor  temperature rise. CR r 



. . . . . . . . . . . . . . 

.8 1.6 2.4 3.2 ~ 4.0 
Root 

Distance along tarbine blaae, in. 

Pigure 9. - Combuetor-cutlet d i d  tempemture prof i les  at test 
condition C.  
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(a) ~ c l e n c y  a t  three valuee of combustor-inlet p r e e m c  (condj.tlona A, B, and C )  . 

110 

100 

.008 .008 ,010 .012 ,014 .OM .OM .020 .082 
Fuel-air ratio, f 

(b) EfPiciency a t  twu values o f  colabuetlm a i r  flow (conditione A and E). 

m e  10. - Coslbaetion eifioienoy of mobel. 281 canbnetor corrected for I I ~ W E - ~ ~ O V  distribution. 
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Fuel-air ra t io ,  f 

Figure U. - Comparison of efflciencg of model 281 combUeear with that of models 14I and I.= a t  
t e s t  c d t i o n  C. 

. .. 



. . . . . . . . . . . .  . . 

, 
800E 

0 .a 1.6 2.4 3.2 4.0 
Root Tip 
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Tligure 12.  - Combustor-outlet radial temperature pmfi lee  for 
d e l  281. 
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T e s t  Ombustor 

condition reference 
velocity,  v,, 

Pt/aec 

0 A I9 
0 B 79 
A C 79 
P E 144 

(a) Ratio of t o t d i p r e e m r e  lma t o  total inlet ppsseure. 

Bigwe 13. - Conoluded. Cmbnstor prassurr losees of d e l  2 8 I  cambustor. 
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100 
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Combustion-parameter, Vr/p~Ti ,  33, lb, eeo, ?R unite 

Figure 14. - Correlation of o m ~ t l o n - e f P i o l e n o y  data of del 28I ombue- 
tor with combustion paraaeter VJplTl. 

Figure 15. - Eetimat-ed flight performance of laodd 28I umbUtor in 5.2- 
praemwe-ratio engine st  f l i ght  Maoh number of 0.6. 




